
VLF STANDARD-FREQUENCY CALIBRATION 


The initiation of standartl-frec|uency 
broadnusts in the vlf band has made 
possible an improvement in the precision 
of calibration of sUible oscillators used 
us local fre<|iiency standards which ap- 
proi»chc8 a factor of l(K) over that 
achievable by other means. With high- 
fre<|uency transmissions, the tet pre¬ 
cision is about it 1 X 10"•. ThLs pr(‘ci- 
sioii is generally attainable only by Uie 
use of standiird-time broadcasts and 
accurate time-comparison devices. If the 
^ high-fnM|uency carrier f)f the standard- 
frcHiuency station is usihI instead of the 
tinie pulses, the precision deteriorates 
slightly, but the accuracy sufTcrs from 
propagation variations, so that the over¬ 
all j)erformance of any one calibration 
can s(*ldom l)c guarantecnl to a figure 
l>etter than zt I X 10”’, and often this 
figun* is optimistic. He|X‘ate<I calibra¬ 
tions, and cross-checking of time-tick 
and carrier-free I uency calibnition meth¬ 
ods, suftice to allow some degree* of 
assurance in lociil frequency-standard 
calibration, but that laboratory is indeed 
fortunate which has never been asked to 
“guarantee’* a freeiuency calibration 
obtained from the high-frequency broad¬ 
casts to l)etter than ib I X 10~*. 


The advent of vlf standard-frequency 
bro:idca.sts, coiiu'iding approximately 
with the proving-in of atomic frec|uency- 
standard devices, has made available 
both precision and accuracy of calibra¬ 
tion which approach ifc I X 10 under 
ideal conditions and di I X 10”‘® most 
of the time. .\t present, the vlf .standard- 
freriuency broiidcast stations are main- 
tiuned within d: I X 10”'® of their nom- 
iiml frec|uencics under normal circum- 
sUinces, and calibration corrections are 
available from the o|x*rating agencies 
which include data to d= 1 X 10~". 

It is difficult to ju.stify any attempt tc) 
obtain increa.s(*d pr<*cision of calibration 
l>eyond d: I X 10 " under pre.sent con¬ 
ditions. The propag.-ition variation^ and 
the difficulty in maintaining jx'rfect 
stability at the tran.smitting .sUitions 
impose a practical limit on the |K*rform- 
ance of a calibration sy.stem based on 
vlf transmission over long ranges. For 
incre^ised resolutifiii ami precision of 
fref|uency comparison, therefore, it is 
still desirable to have both oscillators 
f>eing compared in the .same location, or 
at least not widely si»parated. 'fhe 
it 1 X 10 '® guarantee on the accuracy 
of the signals as bro:idcast is a further 
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deterrent to any attempts to claim 
greater uecunicy of calibration. 'Fhe 
various |K)ssiblc methods of fre(|uency 
comparisrui iLsing vlf transmissions have 
l>een describ(»d by .1. A. Pierce.* The 
methods iisimI by the present author 
were either taken directly from this 
publication, or derived from it indi- 
rtH'tly. Several methotis have lK*en tried, 
with the it*sults indicated 1k*1ow. 

In ordtT to list* vlf transmissions for 
frec|ueiicy-sUindard calibration, it is 
necesstirv to make use of the plrnsr of 
the carriiT wave of the standanl- 
fre(|uencv signal. The vlf .signal su|)plies 
a phase, or time, reference which siilT(*i*s 
only a .slight variation in |)ropagation 
time compared with that of an hf .signal. 
Hence, the phase dilTerence between the 
stable oscillator to l>e calibrated and the 
received vlf signal is ineasunMl, and the 
frequency difTerence determined by con¬ 
version of the phase change |K‘r unit 

^0 . 

time, , into the appropriate units. For 

til 

example, there are S0,4(K) seconds in a 
day, or, in round numbers, approxi¬ 
mately Ib*. corresponding to 10“ micro¬ 
seconds |H'r day. Thus, a relative 
fn*<|u<*ncy diffenaMH* of d: 1 X U) *' 
corre.'ipontls to a change of pha.se of 


Krr«|U»Mirv (.‘oni|«ri9«u by VI.I’ Uiidi*i 
TrHUiiiiii)*inii.‘’ /V«»« , I UK. Jum*. 10.i7 tpp. 701-S(K1). 



FIgwr* 1. Block diagram of vlf rocoiving tytlom 
with otcilloscopo display. 


only 1 microsecond in 24 hours, while 
dt 1 X 10~*® fre(|Uency difTercaice ^ 
correspond.s to d: 10 micro.'<econds. In 
.simpler terms, if the local pha.se change.s 
4-10 micro.second.s the first day, and 
4*10 microseconds the .second day al.so, 
the o.scillator is maintaining a constant 
fre(|uency which dilTer.s from that of the 
vlf .signal by approximately dr 1 X 10 *°. 

If, however, the fnapiency of the o.scilla¬ 
tor is drifting by, siiy, 1 X 10 |xt day, 
the phase difTerence will change by 1 
micro.second in each 24 hours, and. for 
e.xample, will be 10 micrfiseconds the 
first (lay, 11 the second, fiver a longer 
period, a uniform frecpiency drift rate 
will produce an increa.se in phase pro¬ 
portional to the .square of the elapsed 
time. 

The first, and simplest, metluKl tri(Kl 
was an experiment to jus.se.ss the luseful- 
ne.ss of the signal provided by .\ba on 
18.0 kc. The general arrangement was as 
.shown in Figure 1. In this method, the 
signal is heterodyned to 2 kc by the 
injection of 20 kc into the .second rf stjige 
of the tunable vlf receiver. The 2-kc 
bejit i.** then sel<a*te(l by a fixed-tuned 
filter, amplififsl, and applied to a (iircu- 
lar-sweep oscilloscojx* driven by the 
frefjuency standard Ixang calibrate^!. In 
this case, since the frequency of the 
hetcr<Kiyning 1 (m*;i 1 cKScillator is higher 
than the IS.O kc .sigmd, an increa.se in 
the local-o.scilhitor frecpiency re.sults in 
an incmise in the beat freipiency, re¬ 
sulting in a clockwise' rotation of the 
pattern on the oscilIo.sco|K‘. The time for 
a oncK'vcle change in phase give.s the 
frefjuency difTerence by simple calcula¬ 
tion. The sen.se of t he ditTen*nce is ob¬ 
tained from the direction of notation of 
the pattern. If the locjd standard is .set 
to reduce the rate of rotation to a very 
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Figure 2. (Right) Block diogrom of 
vlf receiving system using chart 
recorder on output of phase de* 
tector. (Above) A fragment of a 
recording produced by this system. 
Frequency difference is measured 
by the time between the zero 
crossings on the chart. 





slow rate, the phase differeiice may then 
be noted and reeorded. rnfortunately, 
for the greatest precision, this method 
retinires rather fretiuent attention to the 
pha.se of the display and is thu.s some¬ 
what tedious. In addition, it is not 
practicable to obtain reliable overnight 
calibrations by this means imle.ss con- 
timifHis obsemition of the indicator 
’scope is provided, as will be apparent 
from a study of the typical photographic 
pha.'^e records presented later (Figure (>). 

'Fhe st'cond method of calibration used 
experimentally in the OR laboratories 
is shown in Figure 2. The current from 
a balanced pha.se detector was applied 
to a chart recorder set for zero-center 
deflection. In view of the small deflec¬ 
tion in the vicinity of the zero crossings, 


the recorder was supplemented with the 
galvanometer indicator to ludj) e.stimate 
the exact moment of zero current in the 
output circuit of the phase detector. 
.\lthough somewhat more convenient 
than the finst method de.scribed, this 
.still re<iuired .some manual operations 
ami generated yards of recording tape, 
which re(|uired calibraticm. The timing 
pulses radiated by .\h.\ provided an 
automatic time scale. .Vlternatively, the 
frecjuency of the local standard oscillator 
could have been set near zero beat with 
the incoming signal, but the .sense of the 
fr(H|uency dilTerence would then not 
have been immediateU' appanuit; hence 
a better arrangement was de.sirable. 

The j)hase-locked o.scillator shown in 
Figure 3 was a logical extension of the 
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Figure 3. Block diagram of o motor-driven 
phase-locking system. 


{irninjrcinicMit shown in Figure* 2. A serv'o 
amplilier luiviiig a pair of dilTcrential 
input teriniiuils was usc'd to drive a 
servomotor wliic.h changed Uie fretiueney 
of the local standard-fre<|uency oscilla- 
tor by means of a variable (Capacitor. 
For a phase-hteked oscillator sy.stem, it 
was necessary to provide one dilTerential 
input signal to the .servo amplifier from 
the phase-eietector output and another 
from a potentiometer on the capacitor 
shaft. This system is an electrome¬ 
chanical e(iuivalent of a voltage-variable 
reactance. The fref|ucncy of the hx'al 
standard oscillator was thus phase- 
locked to that of MiA. The fre<iuency of 
this oscillator was then recorded on the 
freipiency comparator u.sed for inter¬ 
comparison of crystal oscillators in the 
(IH laboratories. In this way, the fre- 
(piency of nba was made available as a 
reference for calibration of other os¬ 


cillators. The precision attained by this 
device was a])proximately dt 2 X 
at best, and, under conditions of high 
noise level or sudden ionospheric dis¬ 
turbances (siD), the results were some¬ 
what difficult to interpret. A sample 
recording is shown in I'igure 4. The 
principal virtues of this system were its 
completely automatic operation and the 
direct intercomparison with other locally 
openi ted osci 1 lat(irs. 

The phase-locking technique illus¬ 
trated liere is not so satisfactory a fre- 
(luency calibration system as is the 
servo-flriven phase-tracking receiver sys¬ 
tem originally de.scribed by Pierce*, and 
now offered in many commercial models. 
The phase-lockefl oscillator, howe\’er, 
permitted direct comparison of the fre¬ 
quency of the NBA signal with other 
local signals without the construction of 
special phase-tracking cfiuipment. The 
pha.si^locked oscillator was put together 
from already available ccmiponents. 

After several months of e.xperience 
with tlie automatic recorder, it became 
obvious that tfie daily frequency shifts 
at dawn and dusk changed in nature, 
depending on the time of year, and that, 
even during daylight hours, some large 
fluctuations .seemed to occur. Further in¬ 
vestigation .seemed indicated if more 
accuracy was to be obtained from the 


Ux)c. cil. 







Figure 4. Frequency-comparator records showing relative frequency of two locol oscillators with 
respect to NBA. The record designoted WS is that of GR’s working standard; ES represents an experi* 
mental standard; while NBA Is a record of the oscillator phase-locked to NBA. The records show the 
frequency difference between eoch of these and a common reference oscillotor. The units for the scale 
at the right are parts in 10*. The total span of the recorder chart is 5.5 parts in 10*. 
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Figure 5. (Left) Block diagram of receiving system 
using o photographic phase recorder. Inset 
shows wove form of gated sweep trigger. 
(Above) Oiogrom showing mechanism of in* 
tensity-moduloted oscilloscope display for photo* 
graphic recording. 


vlf tr!iTismis.sions. Accordingly, a photo- 
grapliic iechnif|uc was devi.scd, after the 
manner described by Pierce’. 

The photographic recording system 
is shown in Figure 5. The o.scillo.scope 
sweep is triggered either by means of 
the gated lOO-cycle sweep trigger showm 
or by the ungated lfX)-cycle signal. The 
I-per-.second sweep i.s used with nba to 
avoid .sweeping when tlie signal is not 
pre.scmt. The 100-sweeps-per-second ar¬ 
rangement is iLsed to record communi- 
cations-keyed signals. 

'fhe use of a modified oscilloscope 
camera ^vith a s>mchronou.s-motor drive 
on the film holder provides a number of 
dilTerent sweep rates (in inches per hour 
of film drive) for the recording film, 
which is e.xposed one frame at a time in a 
l^olaroid film-back. The vlf signal in¬ 
tensity mo<luliites the trace on the 
oscilloscope tube, the sweep speed on the 
o.scillo.scope Ixang set to show pai*t< of 
two consecutive carrier-frequency cycles. 
The sweep-time calibration is thu.s de¬ 
rived from the spacing between the 
cf>n.secutive cycles rather than from a 
separate oscillo.scope calibration. The 
system can record signals with relatively 
poor signal-to-noise ratio, since the use 
of the P-7 screen and photographic re¬ 
cording seems to produce appro.ximately 
20-<ib improvement in apparent signal- 


to-noise ratio. It is probable that the 
photographic method alone accounts for 
most of this improvement, and that al¬ 
most any phosphor can be used. 

Photographic record.s made by the 
method of Figure 5 are repriKluced in Fig¬ 
ure ba, b, and c. Minor fluctuation.s in 
phase apparently occur quite frequently, 
even almost continuously. It is not im¬ 
mediately apparent, however, that these 
fluctuations are anything that can be 
separated from the elTects of impul.se 
noisc', .such as atmo.spheric static or 
“sferics.” In other words, thi.'< recording 
sy.stem records the noise along with the 
signal phase. One then makes frec|uency 
calibrations by calculating the indicated 
phase change per unit time and cmivert¬ 
ing this figure to a frequeinry ditTerence or 
deviation from the received standard fre- 
(juein^y. Diurnal pha.se shifts are readily 
ob.si»rved and calibrated, as .shown by the 
record of Figure (^a. Small instabililie.s in 
either the received signal pha.si* or the 


Figure 6a. Nighf* 
time phate record 
of NBA showing 
diurnal phase 
shifts. 
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Icxral staiidanl ()s<*illator are (‘asily seen 
and an* frt'o from the eflfects of the com¬ 
plex time constants in the clectixK- 
mechaiiical .systems desLTilx'd above. 

One particularly iniportant advantage 
of the photographic calibration method 
is illustrated in Figure Ob which is a 
record of two .signals on one fre(|uency, 
which were of dilTcrent phjise as received, 
and which were keyed alternately. Both 
signal phases are easily discerned in the 
phiitogmphic record. When this sjirne 
set of signals was applied to the .ser\M)- 
driven phas<'-h>cked oscillator, it re¬ 
sulted only in continuous hunting of the 
8L»rs'o system. 

It is of interest to note the character¬ 
istics of some of the signals recorde<l. 
The signal from .vpm over a weMt-<*ast 
path shows 5 stable phases <luring the 
sunris** shift (Figure tic). 'I'he com*- 
sponding sun.set .shift Is snmothed or 
blurrtMl by the nature of the recombina¬ 
tion pnK'ess in the ionosphere after 
sun.set, which re.sults in a slower change 
in effective height than that of>.s(‘r\'ed at 
suiirisi*. .\s a simplified explanation, the 
stepwise variation in phase may be 
thought of as the r(\sult of a ray l>ouncing 
between ionosphere and earth, with two 
relatively stable ionospheric effective 
heights and a transition zone iR'tween 
them. 'Fhe ray will not change its path 
length except at certain critical inter\’als 


during which one or more of the reflec- 
ti«)n points is in the tninsition region as 
the rotation of the earth cau.ses the 
transition region to move along the p:ith. 

.\s is readily apparent, the photo¬ 
graphic pha.se-recording metluKl pro- 
vide.s the po.ssibility of |jhasc comparLson 
to within a very fcN> microse(*onds under 
most conditions. The over-all perform¬ 
ance of this system i.s such that it can 
pnwide, in a 2-1-hour interval, fre(|uency 
calibration of a precisi(»n I)etter thiin 
d= I X 10“'^, even approaching a few 
parts in 10 More rc*fined photographic 
techniques should be slightly better but 
m»t by so much as an onh'r of magnitude, 
in view of the propagation fluctuations 
apparent even on these relatively un- 
Si »phist icate<I plu»t < jgraphs. 

An inspcH'tion of th<‘.s<* recordings indi¬ 
cates what the possibilities of the photo¬ 
graphic method may pmvijle in the way 
of calibration data, and .ser\'es to 
illu.strate the excellence of .simple cali¬ 
bration methiKls which are base<l on 
sound basic principles. 

few remarks about the nature of the 
vlf signals may be of interest to those 
contemplating exploration of the vlf 
spectrum. Most of the transmitters 
whose carrier fre(|uencies are stabilized 
are u.sed for communication. In the vlf 
band, this generally means Morse-<*ode- 
keyed cw, although other tyfx*s of 



Figur* 6b. Photogrophk record showing photo of tignolt from NPG and NBA. Note that recording 
thowt photet of both NPG and NBA on Jonuory 24, when their trontmitfert were being keyed alter¬ 
nately. During the nighttime hours the time rcale wot compressed by slewing the film speed. Note 
the sudden phase shift at sunrise. 
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Figure 6c. Record of 
phase of NPM over o 
wesl'to-eost frontmis- 
tion path. Note the Rve 
relofively stoble phases 
of the signal during the 
sunrise transition. 


MARCH 8. 1962 


MARCH 6*9 MARCH 9- 
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COMPRESSED 




mtxlulation are ot^casionally u.sed. The 
first vlf sUindarcl-fretiuency station, gbr, 
Itughv, England, is on 10.0 kc, and oc¬ 
casionally U).0 kc. All the sUitioim of the 
United States Naval Radio Service on 
vlf are u.sed for communications except 
the NBA transmitter on 18.0 kc (Panama 
Canal Zone). The other sUitions are 
NS.S, Annapolis, Maryland. 22.3 kc; 
m»u/nlk, Jim Crcf'k, Washington, 18.0 
kc; NPM. Lualualei, Hawaii, 19.8 kc; 
and NAA, Cutler, Maine, 14.7 kc. The 
National Burc*?^ of Standards main- 
tain.s wwvL on 20 kc and wwvb on (iO 
kc (Boulder, Colorado) as stjindard fre- 
(|uencv transmitters, transmitting un- 
inlerruptt^El carrier .signals with Mor.se- 
(MKle-keyed call-letter identification 
ever>" 20 minuU^. The msf tran.smitter 
(England) on 00 kc transmits continuous 
carrier signals during its scheduled 
ojK^rating times. 

The NBA .signal has an approximate 
radinte<i power of 30 kw, keyed with 
time signals, also call-letter identifica¬ 
tion and rated fre(juency offset from 
A I"* frequency in .Morse c<Mle. In addi- 

*A1 tiini' n tlmt tirm* »aik* in which the Iniiudtion fns 
quenry of ccaium i* ntnuiured u 0.102.031,771) cydos 
per Mocond. 


tion, some .silent peritxls and l(K‘kcd-key 
pctritxls art» observed. The strongest 
signal.s are radiatefl by naa (approxi¬ 
mately 1 megawatt radiated power) and 
npg/xVLK (250 kw), with nss (100 kw) 
close behind, as is npm (HM) kw). The 
WWVL (20 kc) effective nidiated power is 
estimatcxl at 14 to 15 watts. 

Receiving .systems that dejx^nd on 
uninternipted carrier reception for cali¬ 
bration are not generally successful when 
tried with the keyeeWarrieV signals. For 
example, extnunely narrow-band filters 
exhibit keying transients which may 
ob8<*ure the d(!sired phase information. 
If the signal is not above the noise level, 
the narrow-band filter has to l>e ver>" 
carefully designed to avoid ringing, 
which may completely mask the desired 
signal. This is esi>ecially true in systems 
employing voltage-sen.sitive trigger cir¬ 
cuits. In general, the ser\'o-driven phase¬ 
tracking re<*eivers and the photographic 
recording metlnxb have proven more 
reliable, with the photographic method 
generally able to handle the widest 
variety of signals. 

— F. D. Lewis 
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